showed that the isolated rat pancreas secretes insulin in response to glucose, but quantitative studies were necessarily limited by the crude assays for insulin available at that time.
Recently, specific, precise immunochemical assays for insulin have been developed (8, 24) which permit more extensive studies in .similar systems.
An in vitro pancreatic preparation offers several advantages in the evaluation of the direct effects of carbohydrates and hormones on pancreatic insulin secretion: I) secondary effects resulting from changes in hepaticj pituitary, or adrenal function are unequivocally eliminated;
2) the substances studied can be conveniently maintained at constant and known levels throughout an experiment;
3) insulin, once secreted, is not subject to degradation processes but remains in the perfusate where it can be continuously measured. The present work describes the response of the isolated perfused rat pancreas to various carbohydrates and shows that insulin secretion is directly and quantitatively controlled by the concentration of glucose and that secretion can also be stimulated by other metaboliiable sugars. that the dialyzer was omitted and a more efficient oxygenator was introduced. The latter consisted of a glass tube, about 18 in. long, set at an angle to permit the blood to run down the side while a humidified mixture of O2 and CO2 (95: 5) passed up the tube. The perfusion apparatus was assembled shortly before use and filled with a mixture of z % gelatin in saline, which was circulated at. 37 C I hr before the blood was added and the pancreas was attached.
The perfusate was a I : 1 mixture of a % gelatin in 0.9 % NaCl and of fresh heparinized rat blood. Donor rats of the Long-Evans strain, weighing 300 g, were fasted overnight, anesthetized with sodium pentobarbital, 6 mg/~oo g body weight administered intraperitoneally, and bled by aortic puncture. Penicillin G and streptomycin sulfate were added to the perfusate to a concentration of about IOO,OOO U/IOO ml and 0.28 g/100 ml, respectively.
The total volume of perfusate was about 160 ml.
A rat of about 250 g body wt., fasted overnight, and anesthetized with sodium pentobarbital, was used as the pancreas donor. The object of the dissection was to remove in one block the stomach, spleen, pancreas, and duodenum and to attach cannulas to the celiac axis and portal vein. The mesenteric artery was doubly ligated and cut, and the entire intestine below the duodenum was separated and removed from the rat to simplify the exposure. The esophagus was ligated as high as possible and cut above the ligature. A loose ligature was placed, but not tied, around the entire gastrohepatic ligament. The aorta was cautiously exposed through the crura of the diaphragm well above the point of origin of the celiac axis. The ligature around the gastrohepatic liga- 0.1 g light green, 0.5 g phosphotungstic acid, 20 ml glycerol, 80 ml water, and I ml glacial acetic acid.
RESULTS
It was observed initially that pumping of perfusate of whole blood in saline through the apparatus for 4 hr at 37 C resulted in considerable hemolysis even when the pancreas preparation was not included. Since other studies in our laboratory showed that insulin-I131 is rapidly degraded by hemolyzed serum or plasma during standing (particularly when the temperature is raised to 37 C), it was necessary to ascertain and minimize the degree of degradation of insulin occurring during a perfusion experiment.
An unhemolyzed perfusion mixture of whole blood and saline did not degrade insulin-Ii31 significantly after 4 hr standing as measured by hydrodynamic flow chromatography (4, g) or appearance of label in supernatant after precipitation of proteins with 5 % trichloroacetic acid. The same mixture, when circulated through the apparatus either in the presence or absence of the pancreas, became hemolyzed and caused rapid destruction of added circulating insulin-Ii31 (Table  I ) . Insulin-1131, added to a hemolyzed q-hr perfusate and allowed to stand at 37 C, was also degraded rapidly. Part but not all of the degraded products were soluble in trichloroacetic acid. Hemolysis and insulin degradation were not decreased by prewashing the red cells with saline or by the addition to the perfusate of antibiotics, soybean trypsin inhibitor (0.4 mg/ml), or tryptophane (2 mg/ml). Ether anesthesia of the donor rats caused even greater hemolysis than sodium pentobarbital.
At one stage in the study, it was thought that crystalline hemoglobin could be substituted for the intact red cells as the oxygen did not prevent insulin degradation. Polyvinyl pyrrolidine (3.5 %) minimized hemolysis and insulin degradation but interfered with protein precipitation by salt in the insulin assay. Gelatin, 2 % in saline, was finally adopted for the diluent since it also proved effective in reducing hemolysis and insulin degradation in the presence of pancreas to o-15 % and did not interfere in the insulin assay.
Eject of glucose on insulin secretion. When glucose was not added to the circulating perfusate, the endogenous glucose from the donor rat blood rapidly disappeared (after 2 hr the perfusate contained less than 15 mg glucose/r oo ml), presumably due to utilization by the tissues. The insulin levels after 4 hr of perfusion were unchanged when compared to those at the I-hr equilibration period. When glucose was perfused to maintain a level mg ghCOSC/IOO ml, there was Still no evidence of insulin secretion (Fig. IA) Fig. I ).
insulin secreted was, however, sensitive to glucose concentration as glucose levels were raised above 50 mg/ IOO ml. In eight perfusions, a rise in mean cumulative insulin after 4 hr was observed when blood sugar was maintained at 50-150 mg/ml. A significant rise in circulating insulin was detectable within 60 min after addition of glucose (P = 0.01) (Fig. IB) and the insulin levels (representing cumulative insulin) rose progressively throughout the succeeding 2 hr. Insulin in the perfusate at the 4th hr displaced an average of three times more bovine insulin-Ir31 from antibody than comparable perfusates from experiments in which glucose was not added. Maintaining the glucose level of the perfusate at I 50-500 mg/~oo ml elicited further insulin secretion (Fig. IC) . Insulin was detected within 30 min and by 4 hr, the secreted insulin displaced a mean of five times more bovine insulin-In1 than the controls. The responses in this range were variable and proved indistinguishable from each other regardless of the individual glucose levels employed.
Eject of carbohydrates on P-cell degranulation. Degranulation of the islet cells was generally detectable in experiments in which insulin secretion had occurred but was a less consistent finding than the rise in circulating insulin. The incidence of degranulation in these experiments was significantly greater (P = <0.05) than in those performed at o-45 mg glucose/~oo ml, where insulin secretion was not stimulated (Table 2) . Efects of various carbohydrates on insulin secretion. The specificity of the secretory phenomenon for glucose is shown in Figs. 2-6 . The addition of the carbohydrates galactose, xylose (Fig. 2) , L-arabinose, and 2-deoxyglucase (Fig. 3) at concentrations of 400-600 mg/r oo ml produced no secretion of measurable insulin. The concentration of these sugars was at least five times the glucose concentration which was previously shown to cause a detectable rise in circulating insulin (Fig. IB) . Fructose stimulated a significant secretion of insulin; however, the levels of insulin achieved by 500 mg/~oo ml fructose were less than those resulting from perfusion of 5oo150 mg/~oo ml glucose (Fig. 4) . There was no glucose detectable by glucose oxidase (20) in the perfusates after 4 hr of fructose perfusion ( < I o mg/ I oo ml).
In five perfusions, mannose (400 mg/~ oo ml) caused an immediate and sustained secretion of insulin to levels comparable to those after stimulation with glucose (Fig. 5) . Glucose at 4 hr varied from undetectable to a maximum of 25 mg/~ 00 ml. Fig. I ).
In the presence of pyruvate, 500 mg/~oo ml, mean insulin secretion at 4 hr was somewhat greater than insulin levels at 4 hr in control experiments, but the difference was not significant (P = > 0.05) (Fig. 6 ). Eject of galactose on stimulation of insulin secretion by glucose. Insulin secretion, which was marked at 70-100 mg/~oo ml glucose, was not depressed by the addition of a five-to tenfold excess of galactose (Fig. 7) . A 50 % reduction of the effective glucose concentration to 35-45 mg glucose/r oo ml would have been sufficient to completely suppress insulin secretion. Effect of 2-deoxyglucose on stimulation of insulin secretion by glucose. Insulin secretion resulting from the perfusion of 150 mg/~oo ml glucose was not reduced when n-deoxyglucose, 400 mg/ioo ml, was simultaneously perfused (Fig. 8) .
DISCUSSION
The application of an immunochemical assay to the measurement of insulin secreted from a perfused rat pancreas offers advantages of precision, sensitivity, and particularly a high degree of specificity when compared with most existing biologic assays. Nonspecific factors arising from pancreatic secretions (particularly glucagon as well as substances from the stomach, spleen, and duodenum included in the perfusion preparation) do not interfere with the insulin determination (IO The present studies indicate a close correlation between stimulation of insulin secretion by a specific sugar and its known rate of metabolism to intermediates in the glycolytic or oxidative pathway, suggesting that a metabelite or a product resulting from the metabolism of glucose rather than the glucose molecule itself is the causative factor of insulin secretion. Galactose, xylose, L-arabinose, and 2-deoxyglucose, which are poorly metabolized in most tissues (with the possible exception of galactose in the liver), did not affect insulin release. Pyruvate, which did not effect significant -secretion of insulin, is poorly metabolized in fish islets (6). In contrast, mannose and, to a lesser extent, fructose were active stimulators. Hellman and Larsson (I I) have shown that fructose is incorporated into islet protein of the fish although less effectively than glucose, Mannose metabolism has not Both fructose and mannose can enter the glycolytic or oxidative pathways (the presence of glucose 6-phosphate dehydrogenase (I 5, 16) and the process of C, oxidation of glucose (7) have been demonstrated in islets) and thus supply glucose metabolites, TPNH, or other cofactors which may be required.
It is also possible that both sugars could be converted to glucose in the islets which, in turn, directly stimulates the pancreas. However, intracellular glucose concentration would have had to be 3-5 times higher than the extracellular concentrations observed in the perfusate with these sugars (< 25 mg/ IOO ml) for insulin secretion to have occurred as a result solely of glucose levels.
Glucose stimulation of the pancreas was not inhibited by either galactose or 2-deoxyglucose, although the latter compound is an effective inhibitor of glucose uptake in muscle. Our observations are consistent with the hypothesis that carbohydrates may enter islet cells by noncompetitive free diffusion as they do in hepatic and other visceral cells. Alternatively, if a subsequent step in glucose metabolism were rate limiting in the islets, partial inhibition of glucose uptake may have occurred but was not sufficient to reduce glucose metabolism and depress insulin secretion rate.
